The functional activities of membrane-bound cytochrome P450s (P450s) are affected by lipids. Results: Stronger interactions between P450 2B4 (CYP2B4) and cytochrome b 5 (cytb 5 ) are observed in bicelles as compared with lipid-free solution or micelles. Conclusion: Lipid bilayers enhance the interaction between CYP2B4 and cytb 5 . Significance: The findings provide insights into the important role of membrane in P450-cytb 5 complex formation. . 2 The abbreviations used are: P450 and P420, cytochrome P450 and P420, respectively; tr-P450, truncated cytochrome P450 (cytochrome P450 lacking the N-terminal transmembrane domain); cytb 5 , cytochrome b 5 ; CYP2B4, cytochrome P450 2B4; TM, transmembrane; CPR, cytochrome P450 reductase; wt-and tr-CYP2B4, full-length wild-type and truncated cytochrome P450 2B4, respectively; ER, endoplasmic reticulum; DLPC, 1,2dilauroyl-sn-glycero-3-phosphocholine; DHPC, 1,2-dihexanoyl-sn-glycero-3-phosphocholine; DPC, n-dodecylphosphocholine; TROSY-HSQC, transverse relaxation optimized spectroscopy-heteronuclear single quantum correlation; CSP, chemical shift perturbation.
Mammalian cytochrome P450 (P450) is a membrane-bound monooxygenase whose catalytic activities require two electrons to be sequentially delivered from its redox partners: cytochrome b 5 (cytb 5 ) and cytochrome P450 reductase, both of which are membrane proteins. Although P450 functional activities are known to be affected by lipids, experimental evidence to reveal the effect of membrane on P450-cytb 5 interactions is still lacking. Here, we present evidence for the influence of phospholipid bilayers on complex formation between rabbit P450 2B4 (CYP2B4) and rabbit cytb 5 at the atomic level, utilizing NMR techniques. General line broadening and modest chemical shift perturbations of cytb 5 resonances characterize CYP2B4-cytb 5 interactions on the intermediate time scale. More significant intensity attenuation and a more specific protein-protein binding interface are observed in bicelles as compared with lipid-free solution, highlighting the importance of the lipid bilayer in stabilizing stronger and more specific interactions between CYP2B4 and cytb 5 , which may lead to a more efficient electron transfer. Similar results observed for the interactions between CYP2B4 lacking the transmembrane domain (tr-CYP2B4) and cytb 5 imply interactions between tr-CYP2B4 and the membrane surface, which might assist in CYP2B4-cytb 5 complex formation by orienting tr-CYP2B4 for efficient contact with cytb 5 . Furthermore, the observation of weak and nonspecific interactions between CYP2B4 and cytb 5 in micelles suggests that lipid bilayer structures and low curvature membrane surface are preferable for CYP2B4-cytb 5 complex formation. Results presented in this study provide structural insights into the mechanism behind the important role that the lipid bilayer plays in the interactions between P450s and their redox partners.
Cytochrome P450 (P450) 2 monooxygenases are a ubiquitous superfamily of enzymes found in all living kingdoms, including plants, animals, bacteria, and fungi (1) . Eukaryotic P450s are membrane-bound proteins, usually containing a large soluble domain and a single ␣-helical transmembrane (TM) domain (2) . A total of 57 human P450s have been discovered (3, 4) and are responsible for the metabolism of a wide range of endogenous and exogenous substrates, including sterols, vitamins, fatty acids, environmental pollutants, and over 50% of marketed drugs (1, 3, 5) . One of the most studied functions of P450s is the insertion of a single hydroxyl group into hydrophobic compounds, rendering them more hydrophilic for easier excretion from the kidneys (6) . Completion of the hydroxylation reaction requires two electrons to be sequentially delivered to P450, with the first one coming from cytochrome P450 reductase (CPR) and the second one from either CPR or cytochrome b 5 (cytb 5 ) (7) (8) (9) .
Mammalian P450s and their redox partners (CPR and cytb 5 ) are membrane-bound proteins primarily located on the cytoplasmic side of the endoplasmic reticulum (ER) of hepatic cells (10) . The structure of most mammalian P450s is composed of a large soluble domain and a single ␣-helical TM domain; cytb 5 contains a soluble domain, a single ␣-helical TM domain, and a linker connecting the aforementioned two domains (1, 11) . It is well documented that the environment provided by the cell membrane, including phospholipids in the ER membrane, is closely tied to the functional activities of many membrane proteins (12) . Therefore, it is not surprising that phospholipids comprising the ER membrane have been demonstrated to be essential for optimal P450 activities (13) (14) (15) (16) . It is widely believed that the TM domain of mammalian P450s is not the sole membrane binding segment, but a secondary binding site on the P450 lacking the N-terminal TM domain (tr-P450) exists. A number of different P450s have been reported to bind the membrane in the absence of the TM domain (17) (18) (19) (20) (21) (22) . It has been proposed that several loop regions in the tr-P450s interact with the membrane, allowing for a significant portion of the protein surface to be buried inside the membrane (23, 24) ; this interaction could further serve in assisting access of hydrophobic substrates to the catalytic active site and holding P450 in an orientation that allows optimal contact with its redox partners for efficient electron transfer (23, 25) . Furthermore, it is reported that substrate turnover could be stimulated if phospholipids are present (16, 26) . Extensive studies on the interaction and electron transfer between P450 and CPR in the presence and absence of phospholipids have been carried out and revealed stronger interactions between the two proteins and faster electron transfer from CPR to P450 in the presence of lipids or membrane mimetics (27) (28) (29) (30) . However, studies demonstrating the effect of phospholipid membrane on P450-cytb 5 interactions are still lacking in the literature.
Although cytb 5 is only capable of donating the second electron due to its high redox potential as compared with ferric P450, it plays a key role in the P450 enzyme system in the catalysis of a variety of compounds and significantly regulates the functional activities of P450s (31, 32) . It is reported that cytb 5 could stimulate, inhibit, or have no effect on P450 activities, depending on the P450 isozyme studied, the substrate involved, or the particular experimental conditions employed (33) (34) (35) (36) . The mechanism underlying the differential effects of cytb 5 on P450 activities is not fully understood. A generally well accepted explanation is that cytb 5 and CPR possess an overlapping but non-identical binding surface on P450, resulting in competitive binding between the two proteins (37, 38) . When P450 predominantly binds cytb 5 due to a high cytb 5 concentration, the first electron to be delivered from CPR is inhibited (1, 38) . To obtain an insight into the influence of cytb 5 on P450 activities, an in-depth understanding of P450-cytb 5 interaction is necessary. A recent study on the interaction between the truncated cytochrome P450 17A1 and the soluble domain of human cytb 5 in a lipid-free environment revealed a binding interface located on the upper cleft of cytb 5 (37) . Because both proteins are naturally membrane-bound, our study aims to characterize the interactions of P450 and cytb 5 in a native-like membrane environment in order to obtain a more physiologically relevant view. Although the microsomes resemble the ER membrane most, it is a very complex system containing a variety of different types of lipids, cholesterol, carbohydrates, proteins, etc. (39, 40) For mechanistic studies on the P450 system, a model membrane is needed that can both mimic the native membrane environment and be easily characterized and controlled. Among the most suitable membrane mimetics for NMR studies, detergent micelles and phospholipid/detergent isotropic bicelles have been most frequently and successfully applied to the investigation of the structure and function of a number of different membrane proteins during the past few decades, as reviewed in Refs. 41 and 42.
In this study, we report an investigation of the interaction between full-length rabbit cytochrome P450 2B4 (CYP2B4) and full-length rabbit cytb 5 in different membrane mimetic environments, including lipid-free environment and isotropic bicelles and micelles, utilizing NMR techniques. Our study provides the first structural evidence on the importance of the phospholipid bilayer in governing the interaction between these two proteins. The mechanism by which the membrane affects CYP2B4-cytb 5 interaction is also explored. By comparing the effects of different membrane environments in assisting complex formation, we propose that phospholipid bilayers enhance both the affinity and specificity in the interaction between CYP2B4 and cytb 5 .
EXPERIMENTAL PROCEDURES
Materials-1,2-Dilauroyl-sn-glycero-3-phosphocholine (DLPC), 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC), and n-dodecylphosphocholine (DPC) were purchased from Avanti Polar Lipids Inc. Potassium phosphate monobasic and dibasic, benzphetamine glycerol, and sodium dithionite were purchased from Sigma-Aldrich. Deuterium oxide was purchased from Cambridge Isotope Laboratories, Inc. The 5-mm symmetrical D 2 O-matched Shigemi NMR microtubes were purchased from Shigemi, Inc.
Protein Expression and Purification-Full-length wild-type rabbit CYP2B4 (wt-CYP2B4) and 15 N-labeled full-length wildtype rabbit cytb 5 were expressed and purified individually as described previously (11, 38, 43, 44) . Briefly, the pLW01 plasmid containing the gene for the wt-CYP2B4 was transformed to Escherichia coli. C41 cells and then plated on a Luria-Bertani (LB) agar plate with 0.24 mM carbenicillin overnight at 37°C. Three colonies were selected from the plate and then incubated in 50 -140 ml of LB medium/carbenicillin medium for 16 h at 30°C with shaking at 200 rpm. The overnight culture was transferred to TB medium (100-fold dilution) supplemented with final concentrations of 500 M ␦-aminolevulinic acid and 0.24 mM carbenicillin. The cultures were incubated at 22-23°C with shaking at 120 rpm. CYP2B4 expression was induced by isopropyl 1-thio-␤-D-galactopyranoside when the cell density reached A 600 ϭ 4 -6. After induction, the cultures were grown at 22-23°C with shaking at 120 rpm. The P450 and P420 content of the cultures was monitored. The cells were harvested between 76 and 110 h after isopropyl 1-thio-␤-D-galactopyranoside induction. The cells were lysed and solubilized by detergents and then applied to a DE52 column, Reactive Red-agarose column, octyl-Sepharose column, and hydroxyl apatite column sequentially for purification of the protein (44) . The full-length rabbit 15 N-cytb 5 was expressed and purified similarly as wildtype CYP2B4 except that cells were grown in 15 N Celtone complete medium with additional supplements as detailed previously (43) . The harvested cells were lysed and broken by sonication and were solubilized by detergents. The proteins went through two DEAE columns and one size exclusion column for purification.
Truncated rabbit CYP2B4 (tr-CYP2B4) was expressed and purified similarly with wild-type CYP2B4, as described (45) . Amino acids at the N terminus from 3 to 21 were truncated. In order to increase the solubility of tr-CYP2B4, which in turn increases the expression level, the mutations E2A, G22K, H23K, P24T, K25S, A26S, H27K, and R29K were introduced, which made it possible to release the proteins from the membrane under high-salt conditions (45) . These mutations do not affect the binding affinity between tr-CYP2B4 and cytb 5 , as indicated by the identical K d values measured for wild-type tr-CYP2B4-cytb 5 and mutant tr-CYP2B4-cytb 5 (data not shown). No affinity tags were used for the expression and purification of any of the three proteins.
Determination of the Dissociation Constant between cytb 5 and wt-CYP2B4 -Measurements of the equilibrium dissociation constant of the wt-CYP2B4-cytb 5 complex were carried out as described previously (38) . Briefly, wt-CYP2B4 (0.3 M) was titrated by cytb 5 at concentrations of 0, 0.01, 0.05, 0.1, 0.3, 0.5, 0.8, and 1.2 M in the presence of 0.3 M benzphetamine in 100 mM potassium phosphate buffer containing 5%(w/v) glycerol at pH 7.4. The titrations were performed in the presence and absence of 30 M DLPC, respectively. The UV-visible spectra were collected on a Cary 4000 spectrophotometer at 25°C. The absorbance at 420 and 385 nm was recorded. The total change in absorbance (⌬A ϭ ⌬A 420 ϩ ⌬A 385 ) was plotted against the concentration of cytb 5 and fitted using an equation reported previously (38) to obtain the K d values for the wt-CYP2B4-cytb 5 complex.
Preparation of Membrane Mimetics-A DLPC/DHPC isotropic bicelle (q ϭ [DLPC]/[DHPC] ϭ 0.25) was prepared by mixing the appropriate amount of DLPC and DHPC in chloroform. The mixture was vortexed and dried under nitrogen to make a thin film, which was further dried under vacuum overnight. The film was then hydrated in 100 mM potassium phosphate buffer, containing 5% (w/v) glycerol, pH 7.4 (referred to as NMR buffer). A DPC micelle solution was prepared by dissolving DPC powder into NMR buffer followed by vortexing.
Carbon Monoxide (CO) Assay-A solution containing 1 M CYP2B4 in NMR buffer was added to a cuvette with a 1-cm path length. The protein was then reduced by an excess of sodium dithionite, after which CO gas was allowed to flow over the solution for 1 min. UV-visible absorption spectra were recorded from 400 to 600 nm on a Cary 4000 spectrophotometer before and after treatment with CO gas. This assay was performed in the presence of 10% (w/v) DLPC/DHPC isotropic bicelles and 2 mM DPC micelles, respectively, to check the activity of CYP2B4.
Circular Dichroism (CD)-CD experiments were performed on a Jasco J-715 spectropolarimeter fitted with a 150-watt xenon lamp at 25°C using a 1-mm cuvette. Spectra were recorded in the far UV region with 16 scans accumulated and averaged. DLPC/DHPC isotropic bicelles (q ϭ 0.25) or DPC micelles were titrated into a solution containing 1 M CYP2B4 in NMR buffer. The following final concentrations were achieved throughout the titrations: 0, 1, 2, 20, and 40 mM for bicelles and 0, 0.5, 0.8, 1.1, and 2 mM for DPC micelles. The CMC of DPC is 1.1 mM. Background (with everything present except CYP2B4) was subtracted for all experiments. Quantitative data analysis was performed by CDPro software package using the Continll program (46, 47) .
NMR Titration Experiments and Data Analysis-NMR titration experiments were performed at 298 K on a Bruker Avance II 600-MHz spectrometer equipped with a cryoprobe. For the titration experiments, spectra were first recorded with 0.2 mM free 15 N-cytb 5 either in NMR buffer or incorporated into 10% (w/v) membrane mimetics in NMR buffer, followed by a titration of either wt-CYP2B4 or tr-CYP2B4 at molar ratios (cytb 5 / CYP2B4) of 1:0, 1:0.25, 1:0.5, 1:0.75, and 1:1. The CYP2B4 stock solutions used for titration were at low concentration (75 M) in order to avoid any loss of CYP2B4 sample at high concentrations due to protein precipitation. After the spectrum of free 15 N-cytb 5 was acquired, a 0.25 M equivalent of CYP2B4 stock solution was added to 15 N-cytb 5 . Subsequently, the mixture was concentrated to 300 l so that the final 15 N-cytb 5 concentration remained constant. The rest of the titration experiments were carried out identically. For the control experiments, 15 N/ 1 H TROSY-HSQC spectra were collected from 15 N cytb 5 in complex with wt-CYP2B4 in DLPC/DHPC isotropic bicelles (q ϭ 0.25) at the following cytb 5 concentrations: 50, 80, and 100 M. All of the three experiments were performed at a cytb 5 /wt-CYP2B4 molar ratio of 1:1.5 in NMR buffer.
All NMR experiments were recorded using two-dimensional 15 N/ 1 H TROSY-HSQC spectra with 64 scans and 256 t1 increments. Data were processed using TopSpin version 2.0 (Bruker) and analyzed using Sparky (48) . The backbone chemical shift assignments of the rabbit cytb 5 have been reported previously (11) . The weighted amide chemical shift perturbation (⌬␦ avg ) was calculated using the equation,
where ⌬␦N and ⌬␦H are the changes in the amide's nitrogen and hydrogen chemical shifts, respectively, and F 1 SW and F 2 SW represent the spectral width in the first and second dimension, respectively; all parameters are in ppm (49, 50) .
RESULTS

Characterization of the Effect of Lipids on the Binding Affinity between CYP2B4 and cytb 5 -The K d values between wt-
CYP2B4 and cytb 5 were determined, based on the Type I spectral change ( Fig. 1A ) of CYP2B4 induced by cytb 5 , to be 0.008 Ϯ 0.015 and 0.14 Ϯ 0.02 M in the presence ( Fig. 1B) and absence (Fig. 1C ) of DLPC lipids, respectively. This implies the ability of lipids to facilitate tighter binding between wt-CYP2B4 and cytb 5 . Our results are in agreement with the previous findings that phospholipids enhance the interactions between P450s and the other redox partner, CPR (27) (28) (29) (30) .
Interaction between cytb 5 and wt-CYP2B4 -In order to investigate the influence of different membrane mimetic environments on CYP2B4-cytb 5 interaction, two-dimensional 15 N/ 1 H TROSY-HSQC NMR spectra were recorded to monitor the interaction between 15 N-labeled cytb 5 and unlabeled wt-CYP2B4 in lipid-free solution, DLPC/DHPC isotropic bicelles, and DPC micelles. In all three experiments, broadening of resonances and moderate chemical shift perturbations (CSPs) (⌬␦ avg Յ 0.1 ppm) for amide nuclei of cytb 5 were observed upon interaction with wt-CYP2B4. A representative region of the two-dimensional spectra of free cytb 5 and those in complex with wt-CYP2B4 in DLPC/DHPC isotropic bicelles are shown in Fig. 2 . In order to assess the effect of nonspecific oligomerization/aggregation of CYP2B4 on the resonance intensities of cytb 5 upon titration, experiments were performed on a wt-CYP2B4-cytb 5 complex at a cytb 5 /CYP2B4 molar ratio of 1:1.5 in DLPC/DHPC bicelles at different protein concentrations. The average relative resonance intensities are 44.84, 46.87, and 46.98% at a cytb 5 concentration of 50, 80, and 100 M, respectively. The small S.D. value (1.20%) between the three sets of average relative intensities reveals no significant difference between the average relative intensities of cytb 5 at different protein concentrations, suggesting no (or negligible) interference of CYP2B4 oligomerization/aggregation with the interpretation of the observed resonance intensities of cytb 5 ( Table 1) .
The average chemical shift changes observed for lipid-free solution, bicelles, and micelles are 0.009, 0.023, and 0.017 ppm, respectively. The small and widespread chemical shift perturbations could be occurring for two reasons: first, fast-to-intermediate chemical exchange between free-and bound-cytb 5 , which would also explain the overall broadening of cytb 5 resonances (11, 37) ; second, the formation of an ensemble of dynamic "encounter complexes," which causes the "averaging out" of the chemical shift changes, thus leading to small CSP values (51) (52) (53) (54) (55) . Due to the small magnitude of the CSP values and the dispersive perturbation pattern of encounter complexes, residue-specific CSPs only provide rough estimations of the binding interface and interaction strength between CYP2B4 and cytb 5 .
Histograms showing the weighted chemical shift perturbations (⌬␦ avg ) observed for the amide resonances of cytb 5 upon interaction with wt-CYP2B4 at 1:1 molar ratio in different membrane mimetic environments are presented in Fig. 3 . Residues of cytb 5 with ⌬␦ avg larger than the average value plus one S.D. are considered to be most perturbed among all residues and are therefore most likely to be involved in the interaction with CYP2B4.
Spectra obtained in lipid-free solution reveal only the six most perturbed residues, and they are spread over an extensive area of cytb 5 (Fig. 3A) , whereas the spectra acquired in bicelles indicate 10 most perturbed residues, which are mostly localized on the front face of cytb 5 around the heme edge and in the linker region (Fig. 3B ). These areas largely overlap with our previously published CSP mapping (11): around Tyr 35 and region Asp 88 -Asp 104 . The perturbations in the active site of cytb 5 (Thr 60 -Thr 70 ) are more pronounced in the current work than in our previous work. The discrepancies could be attributable to the fact that the bicelles used in our previous work were DMPC/DHPC bicelles, whereas the bicelles used in the current work are DLPC/DHPC bicelles. The different membrane compositions (varying the hydrophobic thickness of the lipid bilayer) might induce different membrane topologies of CYP2B4 in terms of its depth of insertion into the lipid membrane and its soluble domain orientation on the membrane surface, which could lead to different binding epitopes on cytb 5 , whereas the major areas still roughly overlap. Results obtained from DPC micelles also indicate the 10 most perturbed residues located on the front face of cytb 5 around the heme edge, the Residues with ⌬␦ avg above the solid line are considered to be the most affected among all of the cytb 5 residues upon the addition of wt-CYP2B4. The residues most affected are highlighted in magenta for those located on the front face of cytb 5 around the heme edge and yellow for those not in this area, both on the histogram and in the three-dimensional structures of cytb 5 above each corresponding histogram. Because no residue in the TM domain of cytb 5 is found to be perturbed, only the structure of the soluble domain of cytb 5 is shown. The structure of cytb 5 has been determined previously by our group (11) . MAY 15, 2015 • VOLUME 290 • NUMBER 20
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flexible loop region on the back of cytb 5 , and the linker region ( Fig. 3C) . Among all three different sample conditions, bicelles exhibited the largest average CSP value, implying the ability of bicelles to facilitate stronger interactions between wt-CYP2B4 and cytb 5 .
In addition to the modest chemical shift perturbations, interaction between cytb 5 and wt-CYP2B4 also causes a global decrease in signal intensities. In Fig. 4 , the relative resonance peak heights measured from the 1:1 cytb 5 -wt-CYP2B4 complex, represented as a percentage of the corresponding resonance peak heights in free cytb 5 are plotted as a function of cytb 5 residue number for lipid-free solution (Fig. 4A) , bicelles (Fig. 4B) , and micelles (Fig. 4C) . A significant loss in signal intensity is defined as more than one S.D. below the average relative peak height of cytb 5 upon complex formation with wt-CYP2B4 at a 1:1 molar ratio. For spectra obtained from lipid-free solution, only a slight reduction in signal intensities is observed, with an average relative cytb 5 peak height of 87% at a 1:1 molar ratio with wt-CYP2B4. Residues considered significantly affected upon interaction with wt-CYP2B4 are spread over an extensive area on the soluble domain of cytb 5 (Fig. 5A , left and right); therefore, no specific region could be highlighted as the interaction interface between cytb 5 and wt-CYP2B4. Additionally, residues in the C terminus of the TM domain of cytb 5 are also significantly affected upon the addition of wt-CYP2B4 (Fig. 5A, middle) , which is probably due to nonnative interactions between cytb 5 TM domain and the hydrophobic patches on wt-CYP2B4 due to the absence of a membrane environment. On the other hand, in bicelles, the average relative cytb 5 peak height drops to as low as 67%, and a closer inspection of Fig. 4B reveals differential line broadening of cytb 5 resonances upon interaction with wt-CYP2B4. The majority of the significantly affected residues lie on the front face of cytb 5 around the solvent-exposed edge of the heme, among which Leu 41 , Arg 52 , and Glu 53 lying on the upper cleft and Thr 60 , Glu 64 , Asp 65 , Val 66 , Thr 70 , Ala 72 , Arg 73 , Ser 76 , and Lys 77 lying on the lower cleft of cytb 5 exhibit the most significant line broadening upon interaction with wt-CYP2B4 (Fig.  5B, left and right) . This is consistent with our previous study of cytb 5 -wt-CYP2B4 complex formation in DMPC/DHPC isotropic bicelle solution (11) . However, the binding interface mapped out in the current study differs from a previous study (37) on the interaction between a truncated cytb 5 and truncated CYP17A1 in a lipid-free environment, in which residues Glu 47 -Val 50 were shown to form the major complex interface. This could be attributed to the following reasons: first, the membrane environment regulates the interactions between cytb 5 and P450, resulting in a different binding interface; second, rabbit full-length cytb 5 -CYP2B4 complex could intrinsically possess a binding interface different from that of the human truncated cytb 5 -CYP17A1 complex. As we have shown in this study, the presence of membrane enhances the binding affinity between the two proteins. In addition, the absence of membrane does not render a specific binding interface between the proteins. Therefore, it is more likely that the presence of membrane is the dominant factor contributing to the discrepancy between our results and the published study. Residue Leu 99 in the linker domain is also observed to be affected, which can be attributed to the restriction of motions in the linker upon complex formation (56) . No significant perturbation is observed in the C-terminal TM domain (Fig. 5B, middle) , in contrast to the observation in lipid-free solution. This could be attributable to the primary interaction between the cytb 5 TM domain and the bicelles, which aids in proper anchoring of the protein and diminishes non-native interactions. In DPC micelles, the average relative cytb 5 peak height is 89%, similar to that observed in lipid-free solution, and is significantly higher than that observed in bicelles. Differential line broadening is also observed in micelles, where the subset of residues showing significant intensity loss is not localized around the functionally active heme edge but centered at the end of C-terminal TM domain and the flexible linker region (Fig. 5C, left and right) . CO assay of CYP2B4 suggests marked inactivation of the protein upon the addition of DPC (Fig. 6 ). Moreover, CD titration experiments reveal partial unfolding of CYP2B4 helices induced by the presence of DPC (Fig. 7) . It is likely that the disruption in both the secondary structure and the conformation of the CYP2B4 active site accounts for why cytb 5 and wt-CYP2B4 cannot properly interact with each other in the presence of DPC micelles.
Interaction between cytb 5 and tr-CYP2B4 -In order to investigate the role of the membrane in the interaction between cytb 5 and the tr-CYP2B4, a series of 15 N/ 1 H TROSY-HSQC NMR spectra were recorded to monitor 15 N-labeled cytb 5 -unlabeled-tr-CYP2B4 interaction in lipid-free solution and DLPC/DHPC isotropic bicelles. The addition of tr-CYP2B4 to a solution of cytb 5 leads to a general increase in line width and moderate chemical shift perturbation (⌬␦ avg Յ 0.1 ppm) for amide resonances of cytb 5 in aqueous solution and bicelles. For bicelles, the average chemical shift change is 0.019 ppm, and in lipid-free solution, the value is even smaller (0.012 ppm).
Perturbations of chemical shifts at a 1:1 molar ratio of the two proteins are depicted in the histograms presented in Fig. 8 . The residues of cytb 5 most affected upon interaction with tr-CYP2B4 are observed across all regions of cytb 5 under both sample conditions. However, among the most affected residues, three residues are found to be located on the front face of cytb 5 surrounding the heme edge in bicelles ( Fig. 8B ), whereas only one is found in this area in lipid-free solution (Fig. 8A ), although the affected areas observed in bicelles are not as specific as those observed for the cytb 5 -wt-CYP2B4 complex under the same conditions. Line broadening of cytb 5 resonances caused by interaction with tr-CYP2B4 is presented in Fig. 9 , in which the relative cytb 5 resonance peak heights are plotted against cytb 5 residue number at a 1:1 molar ratio with tr-CYP2B4. Residues with relative peak heights of more than one S.D. below the average value are considered to be significantly affected upon interaction with tr-CYP2B4. Similar to cytb 5 -wt-CYP2B4 interaction in lipidfree solution, no significant line broadening is observed for cytb 5 upon the addition of tr-CYP2B4 under the same condition. The average relative peak height of cytb 5 at a 1:1 molar ratio of the two proteins is 86%. Little perturbations could be found around the heme edge of cytb 5 , and the residues significantly affected are located on the back of cytb 5 and in the C terminus of the TM domain (Fig. 10A) . This is consistent with the case of cytb 5 -wt-CYP2B4 complex in a lipid-free environment, which is probably due to non-native interactions between the cytb 5 TM domain and the hydrophobic patches on tr-CYP2B4, probably the F-G loop region. In contrast to the results from lipid-free solution, cytb 5 resonances exhibit exten-sive reduction in signal intensity when interacting with tr-CYP2B4 in bicelles, with an average relative peak height of only 55%. This result reveals that even in the absence of the TM domain, CYP2B4 still interacts with cytb 5 in a membrane mimetic environment created by the bicelles, in a similar man- Relative intensities for backbone amides of cytb 5 at a 1:1 molar ratio with wt-CYP2B4 shown as a percentage of free cytb 5 resonance intensities, demonstrate differential line broadening for cytb 5 upon interaction with wt-CYP2B4 in a lipid-free solution (A), a solution containing DLPC/DHPC isotropic bicelles (B), and a solution containing DPC micelles (C). The dashed line represents the average relative intensity, and the solid line represents the mean value minus one S.D. Error bars are calculated based on the signal/noise ratio extracted from Sparky (48) . Residues of which the relative intensities are below the solid line are mapped onto the three-dimensional structure of cytb 5 and colored blue in Fig. 3 . The structure of cytb 5 in solution has been determined previously by our group (11). ner to cytb 5 -wt-CYP2B4 interaction. The majority of the residues involved in the interaction between cytb 5 and tr-CYP2B4 are localized around the solvent exposed heme edge (Fig. 10B) , overlapping with the cytb 5 -wt-CYP2B4 interface under the same conditions. The area highlighted by the most significantly affected residues, including Asn 62 , Phe 63 , Glu 64 , Asp 65 , Val 66 , Gly 67 , Thr 70 , Ala 72 , and Ser 73 , are located mostly on the ␣4 helix, the loop between the ␣4 and ␣5 helices, and the beginning of the ␣5 helix (Fig. 10B, left and right) , which is slightly different from what is observed for the cytb 5 -wt-CYP2B4 complex (Fig. 5B ). 5 Interaction-The importance of phospholipids in the cytochrome P450 reconstituted system has been known since the first successful reconstitution of cytochrome P450-dependent activities (13-16, 57, 58) . It has been reported that the addition of phospholipids into the cytochrome P450 reconstituted system has a remarkable stimulating effect, as shown by an increase in P450 catalytic activity (16, 26, 30, 59, 60) . Although evidence has shown that the interaction between cytochrome P450 and its reductase is affected by the presence of phospholipids (27) (28) (29) (30) 61) , especially phosphatidylcholine-containing lipids, the mechanism of how membrane affects P450-cytb 5 interactions at the atomic level still remains unknown.
DISCUSSION
Effect of DLPC/DHPC Isotropic Bicelles on CYP2B4-cytb
In order to provide insights into the role that membrane plays in the interaction between P450 and cytb 5 , we have investigated the interaction between wt-CYP2B4 and full-length rabbit cytb 5 in the presence and absence of DLPC/DHPC isotropic bicelles by NMR. A titration of unlabeled wt-CYP2B4 into 15 Nlabeled cytb 5 in DLPC/DHPC isotropic bicelles results in extensive line broadening and modest chemical shift perturbation, which is characteristic of binding on an intermediate exchange time scale (nanoseconds to microseconds). A subset of residues exhibiting the most significant reductions in signal intensity is FIGURE 5. Mapping of differential line broadening of cytb 5 residues upon interaction with wt-CYP2B4. Differential line broadening of cytb 5 residues is mapped onto the cytb 5 structure upon interaction with wt-CYP2B4 at a molar ratio of 1:1 in a lipid-free solution (A), a solution containing DLPC/DHPC isotropic bicelles (B), and a solution containing DPC micelles (C). Residues are categorized and color-coded according to their relative intensities: blue for significantly perturbed residues upon interaction with wt-CYP2B4 with relative intensities more than one S.D. below the average, yellow for moderately perturbed residues with relative intensities in the range from average value to one S.D. below the average, and gray for residues with negligible to no perturbation, of which the relative intensities are above the average value. Heme is colored in red. Significantly perturbed residues are also labeled by amino acid name and the sequence number. Ribbon representations of the soluble domain of cytb 5 are presented in the left panel. The active site of cytb 5 (front face around the heme edge) is presented in surface representations in the right panel. The full-length structure of cytb 5 is shown by ribbon representations in the middle panel to demonstrate the perturbations in the TM domain if present.
found to be localized around the catalytically active heme edge on the front face of cytb 5 , suggesting a predominant site for interaction with wt-CYP2B4. Chemical shift perturbations, although small in magnitude, also show the largest changes at the same site, with an additional site in the flexible linker region probably due to conformational change upon interaction with wt-CYP2B4. In contrast, when wt-CYP2B4 is added to cytb 5 in a lipid-free solution, no significant line broadening or CSPs are observed for cytb 5 resonances, suggesting very weak interactions between the two proteins in the absence of a membrane environment. The average CSP is only 0.009 ppm, much smaller than that observed in bicelles (0.023 ppm). The average relative cytb 5 resonance peak height, when mixed with a molar equivalent of wt-CYP2B4, is 87% of the corresponding free cytb 5 resonances, which is significantly higher than the 67% observed in DLPC/DHPC isotropic bicelles. Furthermore, in lipid-free solution, the potential residues involved in the interactions are quite dispersed with almost no area specified for a predominant binding site, judged by differential line broadening, whereas the interaction gives a specific binding interface in bicelles as mentioned above. The largest signal intensity reductions in lipid-free solution are found for residues at the C terminus of the TM domain (Fig. 4A) , which is most likely due to non-native interactions when the TM domain is not anchored in the membrane mimetic, implying inefficient interactions between the two proteins, whereas such interaction is not observed in bicelles. Our results indicate that in the presence of bicelles, the interaction between wt-CYP2B4 and cytb 5 is greatly enhanced, and the binding site is much more specific, which would allow more efficient electron transfer between the two redox partners, in comparison with that in lipid-free solution. This may be one of the reasons why P450 catalytic activities are promoted by the presence of phospholipids.
The possible reasons for the capability of isotropic bicelles to enhance cytb 5 -CYP2B4 interactions could be that 1) both pro-teins are anchored into the membrane through their TM domains so that they are in close proximity to each other, or 2) the membrane directly interacts with the non-TM part of CYP2B4, the tr-CYP2B4, which assists in orienting the protein for optimal contact with cytb 5 . Although a large body of evidence has been reported to support the hypothesis that interactions between the membrane surface and tr-P450s (lacking the TM domain) exist (17) (18) (19) (20) (21) (22) (62) (63) (64) (65) (66) , it remains vague what role this potential interaction plays in the complex formation between cytb 5 and P450. Therefore, it is of great interest to explore the interactions between cytb 5 and the tr-P450 under the influence of a membrane environment.
In the present study, we have investigated the interaction between tr-CYP2B4 and cytb 5 in the presence and absence of the DLPC/DHPC isotropic bicelle environment by NMR spectroscopy. Similar to wt-CYP2B4, titration of tr-CYP2B4 into cytb 5 predominant interaction interface on cytb 5 highlighted by differential line broadening is on the front face of cytb 5 surrounding the heme edge. The significant decrease in the signal intensities and the specific interaction interface identified are indicative of strong interactions between cytb 5 and tr-CYP2B4. The tr-CYP2B4-cytb 5 interactions reveal overlapping but nonidentical binding interface compared with wt-CYP2B4-cytb 5 ; in both cases, the interfaces are located surrounding the heme edge; however, Asn 62 , Phe 63 , and Gly 67 are only observed on the tr-CYP2B4-cytb 5 interface (Fig. 10B) , whereas Leu 41 , Arg 52 , Glu 53 , Thr 60 , Arg 73 , and Lys 77 can only be found on the wt-CYP2B4-cytb 5 interface (Fig. 5B) . The difference between the interfaces most likely results from the presence/absence of the TM domain of CYP2B4. The TM domain of wt-CYP2B4 serves as an anchor of the protein to the membrane, which leads to tighter binding between the wt-CYP2B4 and the membrane than the tr-CYP2B4 alone and/or aids in better orientation of CYP2B4 for interacting with cytb 5 and transferring electrons (66) . A solid-state NMR study on the TM domain of CYP2B4 revealed a 17°tilting angle between the TM helix and the membrane normal, suggesting a characteristic orientation of the TM domain of CYP2B4 when anchored to the membrane, which probably restricts the soluble domain to certain orientations on the membrane (67, 68) . The absence of the TM domain could therefore lead to different membrane topologies of the tr-CYP2B4 in terms of its depth of insertion into the lipid bilayer and its orientation on the surface of the bicelle, which may result in different surface areas of CYP2B4 being exposed and available for interacting with cytb 5 and hence divergent binding epitopes on cytb 5 . The dissimilar interaction interfaces between wt-CYP2B4 and cytb 5 and between tr-CYP2B4 and cytb 5 are probably the dominating factors contributing to the distinct average relative intensities observed for the two cases ( Figs. 4B and 9B) . In lipid-free solution, only a slight decrease in signal intensities could be observed, with widely dispersed perturbations found on cytb 5 . This indicates weak interactions between cytb 5 and tr-CYP2B4 in lipid-free solution compared with what is observed in bicelles. Our results show that a bicelle environment could enhance not only cytb 5 -wt-CYP2B4 but also cytb 5 -tr-CYP2B4 interactions. The possible explanation for this observation could be that parts of the tr-CYP2B4, most likely the F-G and B-C loops (23, 24) , directly interact with the lipid bilayer of bicelles. This hypothesis is well supported by studies reported in the literature. Both tr-CYP2B4 and a num- As with wt-CYP2B4-cytb 5 interactions, CSPs from tr-CYP2B4-cytb 5 are also characterized by the small magnitude and wide dispersion, rendering accurate binding interface mapping impossible but allowing rough estimations of epitopes involved in tr-CYP2B4-cytb 5 interactions. Weighted averages of chemical shift differences (⌬␦ avg ) for backbone amides of cytb 5 upon interaction with tr-CYP2B4 at a 1:1 molar ratio in a lipid-free solution (A) and solution containing DLPC/DHPC isotropic bicelles (B) are plotted against cytb 5 residue number. The dashed line represents the mean chemical shift change among all residues, and the solid line represents the mean chemical shift change plus one S.D. Residues with ⌬␦ avg above the solid line are considered to be the most affected among all of the cytb 5 residues upon the addition of tr-CYP2B4. The residues most affected are highlighted in magenta for those located on the front face of cytb 5 around the heme edge and yellow for those not in this area, both on the histogram and in the three-dimensional structures of cytb 5 above each corresponding histogram. The structure of the soluble domain of cytb 5 is shown on the left, and that of the full-length cytb 5 is shown on the right. ber of other P450 isoforms lacking the NH 2 -terminal membrane anchor region expressed in bacteria (17) (18) (19) (20) , yeast (21) and mammalian cells (22) have been shown to retain much of their membrane localizations, suggesting that the TM domain is not the sole determinant for membrane binding and that direct interaction exists between the tr-P450s and the membrane. Both an atomic force microscopy study (64) and a Langmuir-Blodgett monolayer study (69) have suggested that a segment of the tr-P450 is buried in the membrane; the observed slow rotation rate for membrane-embedded cytochrome P450s could be well explained by a secondary binding interaction between the tr-P450 and the membrane (62, 63) . A recent simulation study on CYP3A4 also supports partial insertion of the tr-P450 into a membrane mimetic (25) . We propose that this potential interaction between tr-CYP2B4 and the membrane could lead to some specific orientations of the tr-CYP2B4 on the membrane, which facilitates a more efficient interaction with cytb 5 and probably further stimulates electron transfer between the two redox partners, as compared with what would be achieved if the tr-P450 simply tumbles isotropically in the solution flexibly coupled to the TM domain through a linker, like that in cytb 5 . A model depicting P450-cytb 5 interaction facilitated by lipid bilayers is proposed in Fig. 11 .
Comparison between the Influence of DLPC/DHPC Isotropic Bicelles and That of DPC Micelles on wt-CYP2B4-cytb 5 Interaction-Experiments carried out to study wt-CYP2B4-cytb 5 interactions in DPC micelles generally revealed less significant line broadening of cytb 5 resonances and smaller CSPs as compared with what was observed in bicelles, implying much weaker interactions between the two proteins in DPC micelles as compared with bicelles. Interestingly, in DPC micelles, resonances in both the flexible linker region and the C terminus of the TM domain demonstrate exceptionally large line broadening effects (relative intensity around 20%) as compared with the rest of the cytb 5 residues (average relative intensity 89%). The perturbation observed in the linker region could be due to restriction of motions upon interactions between the soluble domains of the two proteins (11, 56) . On the other hand, this observation could also be due to direct interaction with CYP2B4. Judging from the fact that the residues perturbed in this region mostly contain hydrophobic side chains (Met 96 and Leu 99 ), it is likely that the perturbation in this region, together Relative intensities of backbone amides of cytb 5 at a 1:1 molar ratio with tr-CYP2B4 shown as a percentage of free cytb 5 resonance intensities, demonstrate differential line broadening for cytb 5 upon interaction with tr-CYP2B4 in a lipid-free solution (A) and a solution containing DLPC/DHPC isotropic bicelles (B). The dashed line represents the average resonance intensity, and the solid line represents the mean value minus one S.D. Error bars are calculated based on the signal/noise ratio extracted from Sparky (48) . Residues of which the relative intensities are below the solid line are mapped onto the three-dimensional structure of cytb 5 and colored blue in Fig. 7 .
with the perturbations found at the C terminus of the TM domain, mostly comes from direct non-native hydrophobic interactions with CYP2B4. An additional region exhibiting chemical shift perturbations is observed in the loop region on the back of the cytb 5 soluble domain. Residues involved mostly contain positively charged side chains (Lys 19 , His 20 , and Lys 24 ), which probably participate in the nonspecific, long range electrostatic interactions with the negatively charged area of the surface of CYP2B4. Overall, unlike the strong and specific wt-CYP2B4-cytb 5 interactions observed in bicelles, the interaction observed in DPC micelles is weak and involves more nonspecific/artificial interactions, which could lead to the formation of nonproductive complexes. This observation could be attributed to the fact that both the catalytically active site and the secondary structure of CYP2B4 are disturbed upon interaction with DPC micelles (Figs. 6 and 7) , which probably further affects its interaction with cytb 5 . Other membrane proteins have also been reported to suffer a loss in activity when embedded in micelles (70, 71) . The monolayer lipid packing in micelles and the large curvature at the micelle surface render them unsuitable for mimicking the natural membrane environment, which might be the major reason leading to both structural and functional disruption of CYP2B4 (65, 72) .
In summary, a phospholipid bilayer containing membrane mimetic environment regulates strong and specific interactions between wt-/tr-CYP2B4 and cytb 5 , as revealed by two-dimensional 15 N/ 1 H TROSY-HSQC NMR titration experiments. Proper interactions between tr-CYP2B4 and the lipid bilayer probably pose the protein into optimal orientations that favor interactions with cytb 5 , which could lead to more efficient pro-FIGURE 10. Mapping of differential line broadening of cytb 5 residues upon interaction with tr-CYP2B4. Differential line broadening of cytb 5 residues is mapped onto the cytb 5 structure upon interaction with tr-CYP2B4 at a molar ratio of 1:1 in a lipid-free solution (A) and a solution containing DLPC/DHPC isotropic bicelles (B). Residues are color-coded according to the same category in Fig. 3 . Heme is colored in red. Significantly perturbed residues are also labeled by amino acid name and the sequence number. Ribbon representations of the soluble domain of cytb 5 are presented on the left. The active site of cytb 5 (front face around the heme edge) is presented in a surface representations on the right. The full-length structure of cytb 5 is shown by ribbon representations in the middle panel to demonstrate the perturbations in the TM domain if present.
FIGURE 11. A model of the role of lipid bilayer in the interaction between P450 and cytb 5 . P450 and cytb 5 are randomly oriented in a membrane-free environment (top left), giving rise to non-native hydrophobic interactions and non-productive interactions. With the assistance of lipid bilayers (top right and bottom), both proteins are anchored to the membrane, rendering them in close proximity to each other. Additionally, the interaction between the soluble domain of P450 and the lipid bilayer poses the protein in certain orientations that favor the interaction with cytb 5 , leading to more productive complex formation between the two redox partners. ductive complex formation between the two proteins. Unlike in bicelles, the interaction between CYP2B4 and cytb 5 is less evident both in complex affinity and interface specificity in DPC micelles. The loss of activity and partial structure unfolding of CYP2B4 upon interaction with DPC micelles might be the cause of unfavorable complex formation between CYP2B4 and cytb 5 in this membrane condition.
